In the present work, plasma electrolytic oxidation (PEO) coatings with different microstructures were fabricated on AZ31B magnesium alloy. The thickness, morphology, phase composition and elemental distribution of the obtained coatings were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS). The corrosion behaviors of PEO coatings were measured by potentiodynamic polarization curves and electrochemical impedance spectroscopy (EIS). The results show that a composite dielectric coating is obtained with similar contents of MgO and MgF2 (MgO-MgF2 coating). During the discharge in the PEO process, by taking advantage of these two dielectrics' electrical performance and physical properties to influence dielectric breakdown, and utilizing the effect of blocking and heating in the two dielectrics, the molten materials ejected from the discharge channels decrease and more remains in the discharge channels; therefore, the thickness of the compact layer of the MgO-MgF2 coating increases. Consequently, the coating thickness is approximately 3.5 μm, which is twice that of the coating with MgO as the main component (MgO coating). Furthermore, the results of electrochemical experiments demonstrate that the corrosion potential of the MgO-MgF2 coating is 0.91 V larger than that of the MgO coating. As evaluated by EIS, the impedance of the inner compact layer is increased by more than 5 times from 7.652×10 5 Ω·cm 2 for the MgO coating to 4.933×10 6 Ω·cm 2 for the MgO-MgF2 coating. These results indicate that the growth mechanism of the MgO-MgF2 coating can increase the thickness of the compact layer and effectively improve the corrosion resistance.
consisting of potassium fluoride (KF) and potassium hydroxide (KOH). First, 20 g/L KOH was used as the base electrolyte; then, 20 g/L and 70 g/L KF were added to the base electrolyte and are referred to as E1 and E2 electrolytes, respectively. The O2 was bubbled into the electrolyte at a rate of 0.01 L/s, and the electrolyte temperature was maintained below 40°C using a cooling system to prevent evaporation of the electrolyte during the PEO process.
Characterization of PEO coatings
The phase composition of the PEO coatings was examined via X-ray diffraction (XRD, BDX3300) with Cu Kα radiation at 40 kV, using a scan rate of 1°/min over a 2θ range from 20° to 70°. The morphology and elemental analysis of these coatings were observed using scanning electron microscopy (SEM, JSM-6510) equipped with energy dispersive spectrometry (EDS), and the thickness of the coatings was measured by the cross-section SEM observations.
The corrosion resistance of the bare and PEO coatings was evaluated via potentiodynamic polarization experiments and electrochemical impedance spectroscopy (EIS) measurements on an electrochemical workstation (CHI660E) in a 3.5 wt. % NaCl aqueous solution at 22°C. A conventional three-electrode cell with the specimen as the working electrode, a platinum plate as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. The exposed surface area of the specimens was 1 cm 2 . After the electrochemical testing system became stable (approximately 30 min), the EIS measurements were conducted over a frequency range of 100 kHz to 10 mHz with a perturbation amplitude of 5 mV. Zview software was used for the data fitting of impedance spectra. Additionally, the potentiodynamic polarization curves were scanned from -2.5 V to 0 V at a scanning rate of 0.5 mV/s.
RESULTS AND DISCUSSION

Phase and chemical composition
The XRD patterns of the PEO coatings obtained in E1 and E2 electrolytes are shown in Figure  1 . According to the XRD patterns, all oxidized coatings are mainly composed of magnesium oxide (MgO) and magnesium fluoride (MgF2) phases, indicating that both the Mg alloy and electrolyte ions participate in the plasma electrolytic oxidation reaction. The possible reactions that occur during the PEO process are as follows [23] [24] :
As the oxidation proceeds, Mg 2+ ions and some anions in the electrolyte such as OHand Fmigrate to the coating/electrolyte interface and react in the discharge channels under the effects of strong electric fields (approximately 10 6 to 10 8 V/m), leading to the formation of MgO and MgF2 phases [25] [26] .
The XRD patterns in Figure 1 further demonstrate that both of the PEO coatings have a high intensity peak of MgO, while a clear difference in the intensities of the peaks for MgF2 between the samples from E1 and E2 electrolytes is observed. More concretely, the XRD results reveal low intensity peaks of MgF2 in the sample from the E1 electrolyte, and the MgF2 peak intensity is stronger for the sample coated in the E2 electrolyte. This result might be attributed to the content ratios of KOH and KF being different in the E1 and E2 electrolytes. As mentioned before, KOH solutions provide OHfor the reaction with Mg 2+ and form MgO, while KF solutions offer Ffor the formation of MgF2. Compared with the E1 electrolyte, the E2 electrolyte has a high proportion of KF, and more Fions participate in the coating formation. To accurately analyze the XRD results, the phase contents of MgO and MgF2 for different coatings are obtained by using the matrix-flushing method (number-K method) and are calculated by equations (1)-(2) [27] : 
where i X and f X are the mass fractions of component i and component f , respectively; i I and f I are the intensities of the strongest diffraction peak of substance i and substance f , respectively; cor I is the intensity of the strongest diffraction peak of corundum(α-Al2O3); and the coefficients f K and i K are the diffraction intensity ratios obtained by mixing component f and component i with α-Al2O3 at a mass ratio of 1:1, respectively. (1) and (2), the results for the phase contents of PEO coatings produced from E1 and E2 electrolytes are shown in Figure 2 . The contents of MgO and MgF2 exhibit large differences between samples. For the PEO coating prepared in the E1 electrolyte, the mass fractions of MgO and MgF2 are 90.96% and 9.04%, respectively. On the other hand, the mass ratio of these two phases is close to 1:1 for the sample formed in the E2 electrolyte. As the main crystal phases of the PEO coatings treated in the E1 and E2 electrolytes are MgO and MgO-MgF2, the coatings obtained from these two electrolytes in this work are termed as the MgO coating and MgO-MgF2 coating, respectively. 
By using equations
Structural analyses of PEO coatings
The cross-section images of the MgO and MgO-MgF2 coatings are presented in Figure 3 . As is seen from the cross-sectional morphologies, the thickness of the PEO coatings is relatively uniform, and the fabricated coatings can be generally divided into two different regions: an inner compact layer and an outer loose layer with discharge pores. As the most distinguishing features, the structure of a PEO coating is closely related to the breakdown effects. In the initial stage of micro-arc discharge, a relatively low sparking voltage develops on the samples and uniformly breakdowns the oxide coating. This behavior does not cause a strong discharge energy input through the discharge channels, and the eruption of molten products are not intense. Based on this observation, the molten products can effectively block the discharge channels, and the coating is relatively compact [28] .However, with further processing time and the aggravation of micro-arc oxidation reactions, the micro-arc discharge becomes intensified, and the breakdown of the PEO coating is also strengthened, resulting in a larger discharge energy generated in the discharge channels. Therefore, abundant molten materials are ejected out from the discharge channels, and the growth of the coating is no longer compact as before. Figure 3 also reveals that the thickness of the inner compact layer is limited.
Apart from the influence of the discharge intensity on the coating's formation, the electrical performance, such as the dielectric constant, influences the breakdown effects and contributes to the growth of the PEO coating as well [29] . According to our previous work, the XRD results show that the MgO-MgF2 coating is composed of MgO and MgF2 in similar amounts, and there is a difference in the dielectric constants between MgO (9.7) and MgF2 (5.45) [30] . Because the larger dielectric constant of MgO provides better insulation, MgF2, with a smaller dielectric constant, is prone to breakdown before the MgO dielectric and lose its insulating properties. Under this influence, during the discharge of the PEO process, the dielectric discharge initially occurs at MgF2, and then, when the breakdown energy is large enough, the breakdown of MgO happens subsequently. Apparently, compared with the MgO coating, which is composed primarily of MgO and has a larger dielectric constant, the nonsimultaneous breakdowns of MgF2 and MgO inside the discharge channels of the MgO-MgF2 coating make the discharge energy relatively scattered. Therefore, the micro-arc discharge process of the MgO-MgF2 coating becomes relatively mild, and the discharge intensity is reduced. In addition, the eruption of molten materials is weakened, and more of them remain in the discharge channels so that the thickness of the compact layer for the MgO-MgF2 coating can be significantly increased. Figure 3 shows the thicknesses of the compact layers on the MgO and MgO-MgF2 coatings are 1.5 μm and 3.5 μm, respectively. Figure 3 further demonstrates that both the MgO coating and MgO-MgF2 coating have a porous morphology on the outer layer of the coatings. Furthermore, the surfaces of these coatings present a "volcano orifice" topography, as illustrated in Figure 4 . This structure happens due to intense discharge and strong ejection of molten materials based on the energy induced by the electron avalanche effect, which corresponds to the breakdown feature of PEO coatings [31] [32] . In addition, the absence of the loose layer and a volcano-like microstructure in the PEO coatings supports the facts that the microstructure and morphology are closely related to the discharge effects of and growth mechanism for the coatings, and the strong eruption of molten materials is not conducive to the thickening of the compact layer. 
Growth mechanisms of PEO coatings
Plasma electrolytic oxidation is a cyclic process of "forming →breakdown →melting →ejecting →depositing →reforming". The above processes, which occur in the discharge channels, have great influences on the coating formation and its properties [33] .To further analyze the growth mechanism of PEO coatings and investigate the elemental composition of the obtained coatings, the discharge channels of the MgO coating and MgO-MgF2 coating in the transition zone between the inner compact layer and the outer loose layer are magnified. In addition, these transition zones were investigated by EDS to exhibit the element distributions around the discharged channels. EDS detects the common elements oxygen and fluorine, which present the main phases of MgO and MgF2, respectively. The results are shown in Figure 5 .
It can be noted from Figure 5 that MgO and MgF2 are interlaced and distributed throughout the cross-section of the MgO-MgF2 coating. According to our previous works, during the PEO process, the reaction particles from the electrolyte and matrix enter the discharge channels and participate in the coating formation. Then, MgO and MgF2 are obtained in the discharge channels via complex reactions involving electrochemistry, thermochemistry and plasma chemical reactions and are accompanied by an energy release. Subsequently, the reaction products are melted and ejected from the discharge channels into the electrolyte. Research has shown that in the above reaction processes, the microstructures, dielectric and physical properties of the dielectrics influence the breakdown effects and growth mechanism of the MgO-MgF2 coating. A schematic illustration of discharge models is shown in Figure  6 . When the MgO-MgF2 coating is broken down, discharges are prone to occur at the MgF2 dielectric with a low dielectric constant and to favor the molten state. Meanwhile, the MgO dielectric, with a high dielectric constant, does not breakdown yet because of its better insulation. Additionally, MgO does not melt yet because it has a higher melting point (2800°C) than MgF2 (1266°C) [34] . Thus, the unmelted MgO, which is adjacent to the MgF2 and does not breakdown yet, can block the eruption of molten MgF2.
Meanwhile, the high energy and joule heat generated in the discharge channels when MgF2 is broken down diffuses and transmits to the adjacent dielectric MgO. More concretely, the energy accumulated in the discharge process of MgF2 will be injected into the discharge point along the discharge channels. This action helps to sufficiently preheat MgO and supply the energy required for the dielectric's subsequent breakdown [35] . Based on this concept, the subsequent breakdown of MgO is more likely to occur. Under preheating conditions, when the MgO dielectric obtains enough electron kinetic energy, the electron avalanche occurs without accumulating large energy and causes the breakdown of MgO. As a result, the molten eruption is weakened due to the relatively mild breakdown effects, which helps to thicken the inner compact layer.
Figure 6. Schematic illustration of the discharge models for the MgO-MgF2 coating
As for the MgO coating in Figure 5 , there are a multitude of O elements in the discharge channels, while only a small number of F elements are scattered across the section. Hence, the interactions between blocking and heating for the above MgO-MgF2 coating will be weakened. Because the heat released by the breakdown of MgF2 cannot fully preheat the large amount of MgO in the discharge channels, more energy is needed to achieve the breakdown of MgO. With a stronger micro-arc discharge on the MgO dielectric, a larger electronic avalanche is generated, and leads to a great discharge pressure and intensive eruption [36] [37] . In general, the growth mechanism for the MgO coating basically continues the traditional discharge mode, i.e., intensive discharge and strong eruption in the micro-arc oxidation process. Under this influence, compared with the MgO-MgF2 coating, the eruption of molten materials with the MgO coating is intense, and just a small portion remains in the discharge channels. Therefore, the inner compact layer of the MgO coating is thinner, which corresponds to the cross-sectional morphology in Figure 3 .
These discharge effects clearly play an important role in the coating growth mechanism. In Figure  5 and Figure 6 , for the MgO-MgF2 coating, the differences in dielectric constants and melting points between MgF2 and MgO create favorable conditions for the breakdown effects and growth mechanism. The intensity of the discharge is decreased due to the nonsimultaneous breakdown of MgO and MgF2, and the heat released by the molten MgF2 results in the breakdown of MgO to occur without accumulating more discharge energy under the influences of the electric-thermal coupling field. At the same time, the interlaced microstructures of MgF2 and MgO can be better utilize the effects of heating and blocking between the two dielectrics and reduce the strong avalanche breakdown. Thus, the eruption of molten materials is not intensive, and more molten materials remain in the discharge channels to achieve the thickening of the inner compact layer of the MgO-MgF2 coating, which can effectively protect the substrate from the corrosion medium.
Corrosion performance of PEO coatings
The potentiodynamic polarization curves obtained for the magnesium alloy, MgO coating, and MgO-MgF2 coating in a 3.5 wt. % NaCl solution are shown in Figure 7 . In general, a large positive corrosion potential, low corrosion current density and high polarization resistance indicate superior anticorrosion properties [39] [40] . In Table 1 , the uncoated AZ31B shows the smallest corrosion potential (-1.909 V), highest corrosion current density (1.50×10 -4 A/cm 2 ), and lowest polarization resistance (60.12 Ω·cm 2 ). While the PEO coatings provide resistances against the chemical attack of chloride ions and present larger corrosion potentials, lower corrosion current densities and higher polarization resistances than those of the substrate. Hence, the magnesium alloy becomes less vulnerable to corrosion after micro-arc oxidation treatments. It can be further noted from the values of coor E that the MgO-MgF2 coating raises the corrosion potential by approximately + 1.313 V to a more positive value than that of the substrate, while the MgO coating does not improve the corrosion potential substantially more than that of the MgO-MgF2 coating (406 mV). Furthermore, the coor i of the MgO-MgF2 coating is reduced by three orders of magnitude compared with that of the Mg alloy, and the value is one order of magnitude lower than that of the MgO coating. Additionally, the polarization resistance of the MgO-MgF2 coating is estimated to reach 4.63 × 10 4 Ω·cm 2 , which is more than 769 times the value of p coating can significantly decrease the thermodynamic tendency of corrosion occurrence and improve the chemical stability of the substrate, which protects the AZ31B Mg alloy more effectively [41] . To further analyze the corrosion performances, electrochemical impedance spectroscopy measurements are conducted for the MgO coating and MgO-MgF2 coating, and Figure 8 shows the Bodeimpedance plots and Bode-phase plots of these samples. According to Figure 8(a) , the value of |Z| in the low-frequency range of the MgO-MgF2 coating is significantly higher than that of the MgO coating, which demonstrates the better anticorrosion property of the MgO-MgF2 coating on the Mg substrate [42] . It is well-known from electrochemical theory that the low-frequency range corresponds to the properties of the inner compact layer, while the high-frequency portion of the impedance spectrum reflects the properties of the outer loose layer [43] [44] . The EIS plots reveal that the impedance of the inner compact layer is far greater than that of the outer loose layer. This result is due to the presence of micropores in the loose layer acting as transportation passages and letting corrosive ions penetrate through the coating [45] , while the compact layer has nearly no micropores and can effectively suppress the diffusion of corrosive ions [46] . Meanwhile, the impedance of the compact layer of the MgO-MgF2 coating is also significantly higher than that of the MgO coating because the thickness of the inner compact layer of the MgO-MgF2 coating is greater. These findings illustrate that the MgO-MgF2 coating can substantially enhance the corrosion resistance of the AZ31B Mg alloy, which is similar to observations reported by the literatures [47] [48] . Figure 8 (b) reveals that two time constants appear in the Bode-phase plots, which correspond to the double-layered structure of the PEO coatings [49] . Taking into account the microstructures and the Bode plots of the PEO coatings, the proposed equivalent circuit is provided in Figure 9 [50] . For the equivalent circuit of the coated samples, s R represents the solution resistance, and II R and dI R correspond to the resistance of the outer loose layer and inner compact layer, respectively. Table 2 gives the results from the fitting of the electrochemical parameters of the equivalent circuit. Figure 3 . The data also confirms that the thicker the compact layer is, the more it can obstruct the diffusion of corrosive ions to the substrate and the better the corrosion resistance of the coating [52] . These results demonstrate that the MgO-MgF2 coating, with a thicker inner compact layer, has a better corrosion resistance, and the EIS results are consistent with the potentiodynamic polarization measurement shown in Figure 7 .
In general, the results obtained by the polarization data and by EIS tests both indicate that the corrosion resistance of the Mg substrate can be significantly enhanced by the MgO-MgF2 coating due to the thicker inner compact layer, which offers more effective protection against corrosion. This approach is an effective way to improve the corrosion resistance of PEO coatings by reducing the eruption of molten materials and promoting the thickening of the compact layer.
CONCLUSIONS
Composite dielectric coatings obtained with similar contents of MgO and MgF2 (MgO-MgF2 coating) and with MgO as the main component (MgO coating) are prepared on the AZ31B magnesium alloy. The growth characteristics and corrosion resistance of the PEO coatings are investigated, and the main results are as follows:
(1) The thickness of the inner compact layer for the MgO-MgF2 coating is approximately 3.5 μm, which is more than twice that of the MgO coating. The reason that the compact layer of the MgO-MgF2 coating is significantly improved is that the differences in electrical performance and physical properties between the two phases develop the effects of blocking and heating during the process of dielectric breakdown and cause weaker eruptions of molten materials. Moreover, the interlaced microstructure of MgF2 and MgO can better utilize the above interactions and promote the thickening of the inner compact layer.
(2) The results obtained from the potentiodynamic polarization tests show that corrosion potential of the MgO-MgF2 coating is 0.907 V and 1.313 V larger than that of the MgO coating and bare Mg alloy, respectively. In addition, the impedance of the inner compact layer evaluated by EIS increases approximately 5 times from 7.652×10 5 Ω·cm 2 for the MgO coating to 4.933× 10 6 Ω·cm 2 for the MgO-MgF2 coating. Therefore, it can be concluded that the MgO-MgF2 coating, with a thick inner compact layer, on the AZ31B Mg alloy can effectively improve the corrosion resistance.
